Abstract. mitochondrial biogenesis is one of the generally accepted regulatory mechanisms in the heart under chronic hypoxia. the precise quantity and quality control of mitochondria is critical for the survival and function of cardiomyocytes. mitochondrial autophagy, also known as mitophagy, which selectively eliminates dysfunctional and unwanted mitochondria, is the most important type of mitochondrial quality control. However, the detailed molecular mechanisms of mitophagy in cardiomyocytes have been largely undefined. The present study investigated the role of adenosine 5'-monophosphate-activated protein kinase (amPK) in mitophagy regulation in cardiomyocytes under chronic hypoxia. H9c2 cells were cultured under hypoxic conditions (1% o 2 ) for different time periods. mitochondrial biogenesis was confirmed and hypoxia was found to induce the collapse of mitochondrial membrane potential (ΛΨm) and increase the number of dysfunctional mitochondria. as expected, mitochondrial autophagy was increased significantly in cardiomyocytes exposed to hypoxic conditions for 48 h. amPK was activated under hypoxia. notably, when the activation of amPK was enhanced by the amPK agonist aicar, mitochondrial autophagy was increased accordingly. By contrast, when amPK activation was blocked, mitochondrial autophagy was decreased and cardiomyocyte apoptosis was increased. in conclusion, in the present study, mitophagy was activated and played a crucial role in cardioprotection under chronic hypoxia. amPK was involved in mitophagy regulation, thereby providing a potential therapeutic target for heart diseases associated with chronic hypoxia.
Introduction
the heart is a highly aerobic organ (1, 2) . any cause of hypoxia may have a deep impact on cardiac function, and the majority of heart diseases are associated with cardiac hypoxia. among the well-defined diseases associated with cardiac hypoxia, congenital heart disease (cHd), particularly cyanotic cardiac defects, including tetralogy of fallot and ebstein's anomaly (3) , is one of the most common heart diseases associated with chronic and systemic hypoxemia. in addition to myocardial infarction and cardiac hypertrophy, local hypoxia promotes the progression of heart failure. therefore, understanding the molecular changes of cardiomyocytes under chronic hypoxia may assist in the improvement of the clinical treatment of heart disease.
in cardiac tissue, chronic hypoxia triggers oxygensensitive transcriptional modulators to increase carbohydrate metabolism, enhance mitochondrial respiratory capacity and increase the efficiency of mitochondrial energy production. therefore, the mitochondria serve a pivotal role in cardiac intrinsic regulation under hypoxia (4) . mitochondria take up at least 30% of the volume of cardiomyocytes. it has been demonstrated that peroxisome proliferator-activated receptor-γ coactivator-1α (PGc-1α) is upregulated resulting in subsequent increase of mitochondrial biogenesis under chronic hypoxia (5) . However, in the process of mitochondria increase, the level of reactive oxygen species (roS) is increased by mitochondria as byproducts, which can lead to mitochondrial oxidative damage and mitochondrial dysfunction (6) . defective mitochondria enhance roS emission, which may result in protein, nucleic acid and liquid damage, inducing oxidative stress, cellular damage and eventually cell death (7) . therefore, mitochondrial quality control is considered to be critical for the maintenance of the appropriate mitochondrial quality and quantity for cellular health.
However, the regulatory mechanisms responsible for the mitochondrial quality control under chronic hypoxia are complex and not completely understood.
autophagy is a catabolic process that is responsible for the degradation of cellular components via the lysosome. the process serves pivotal cellular physiological functions, including degradation of unwanted proteins, organelle turnover, response to nutrient depletion and extension of lifespan (8) . the selective targeting of mitochondria by autophagy is known as mitophagy, and it eliminates unwanted or damaged mitochondria to relieve oxidative stress, thereby favoring adaptation in response to hypoxic stress (9) . accordingly, mitochondrial autophagy or mitophagy may be one of the underlying mechanisms to promote cardiomyocyte survival under hypoxic conditions. ad eno si n e mono pho sph a t e -a c t iva t e d p r ot ei n kinase (amPK), an energy sensor and regulator, serves an important role in maintaining intracellular homoeostasis. amPK activation can increase the uptake of glucose, enhance fatty acid oxidation (10) and inhibit protein synthesis to reserve energy stores (11) . furthermore, it has been demonstrated that hypoxia triggers amPK activation through the roS-mediated opening of calcium release-activated calcium channels (12) . importantly, amPK can regulate cellular survival through autophagic regulation. a recent study reported that amPK-mediated autophagy is essential for the maintenance of skeletal muscle function, which contains long-lived post-mitotic cells (13) .
In the present study, we aim to confirm that mitophagy is critical for the quality control of mitochondria and cardiomyocyte survival, and amPK is the key regulator of mitophagy under chronic hypoxia. furthermore, we want to demonstrate that modulating the activity of amPK is a therapeutic strategy for heart disease under hypoxia.
Materials and methods
Patients. a total of 20 patients with cHd, 1-28 years old (mean, 6.02 years old), were eligible for inclusion in the present study. all patients were admitted to the institute of cardiovascular Surgery, Xinqiao Hospital of the third military medical university (chonqing, china). of these, 10 patients presented with a cyanotic defect and 10 with an acyanotic defect. the local ethics review Board of the third military medical university Affiliated Hospital approved the study protocol and the informed consent forms. this investigation conforms to the principles outlined in the declaration of Helsinki. Written informed consent was obtained from the parents of all participants.
Cardiac surgery and sampling of myocardial biopsies.
Human samples were sectioned and embedded as previously described (14) . Briefly, a myocardial biopsy specimen was obtained from the right ventricular outflow tracts during right ventricular outflow tract reconstruction. the myocardial samples intended for western blotting and quantitative polymerase chain reaction (qPcr) analysis were immediately snap-frozen in liquid nitrogen and stored at -80˚C until analysis.
Cell culture and treatment. the embryonic rat heart-derived H9c2 cells purchased from the american type culture collection (crl-1466) were grown in dulbecco's modified Eagle's medium (Gibco; Thermo Fisher Scientific, inc. Waltham, ma, uSa) supplemented with 10% fetal bovine serum (Biological Industries, Beti-Haemek, Israel) at 37˚C and exposed to 21% o 2 , 5% co 2 and 74% n 2 . following serum starvation overnight, cells in the hypoxic group were placed in an in vivo 200 cultivator (ruskinn technology, ltd., Bridgend, uK) containing a gaseous mixture of 94% n 2 , 5% co 2 and 1% o 2 at 37˚C for 48 h. In addition, the AMPK activation group was treated with aicar (1 mm; Sigma-aldrich; merck KGaa, darmstadt, Germany), an amPK agonist, while the inhibition group was exposed to compound c (1 µm; merck KGaa), an amPK inhibitor. cells in the normoxic groups were incubated under the same conditions, except with 21% o 2 concentrations. qPCR analysis. total dna was isolated from H9c2 cells and myocardial samples using dnaiso Plus (takara Biotechnology co., ltd., dalian, china) according to the manufacturer's instructions. for the quantitative determination of mitochondrial dna (mtdna) content relative to nuclear dna (ndna), primers specific for amplification of mtdna cyt and ndna-encoded GaPdH were selected. the following primer sequences were used: cyt sense, 5'-ccG GaG caa tcc aGG tcG Gtt-3' and antisense, 5'-tGG ttG GGa Gca ctt atG Gta aGG a-3'; and GaPdH sense, 5'-tGG GGa aGG tGa aGG tcG GaG t-3' and antisense, 5'-ccc Gtt ctc aGc ctt Gac GGt G-3'. SYBr ® Premix ex taq™ ii (takara Biotechnology co., ltd.) was used according to the manufacturer's instructions, and qrt-Pcr was performed using a SteponePlus™ real-time Pcr system (applied Biosystems; Thermo Fisher Scientific , Inc.). The reaction conditions were as follows: 95˚C for 30 sec, followed by 45 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Relative expression of target mtDNA was normalized to GaPdH using the ΔΔcq method (15) .
Immunofluorescence. the cells were treated with or without chloroquine (chl; 10 µm; Sigma-aldrich; merck KGaa), which inhibits fusion of autophagosomes with lysosomes (16) , for 4 h prior to incubation at 37˚C for 30 min in media containing mitotracker (1:4,000; life technologies; thermo fisher Scientific, Inc.), then fixed with 4% formaldehyde for 15 min at room temperature and blocked with PBS containing 10% goat serum, 0.3 m glycine, 1% BSa and 0.3% triton X-100 (Beyotime institute of Biotechnology, Beijing, china) for 1 h at room temperature. Staining of the treated cells with rabbit anti-rat microtubule-associated proteins 1B light chain 3B (lc3B) polyclonal antibody (1:200; l7543; Sigma-aldrich) was performed overnight at 4˚C in PBS containing 1% BSA and 0.3% triton X-100. alexa fluor 488 anti-rabbit antibody (1:500; a0423; Beyotime institute of Biotechnology) was used as the secondary antibody incubated for 1 h at room temperature. a confocal laser scanning microscope (leica tcS SP2; leica microsystems, Wetzlar, Germany) was used to image stained cells, and the co-localization dots were analyzed using imagej software (v1.6.0; national institutes of Health, Bethesda, md, uSa). each group contained three dependent samples, and every sample was analyzed in five random fields.
Mitochondrial potential analysis. the adherent cells were incubated with mitotracker for 30 min as aforementioned, followed by treatment with rhodamine (5 µm; Beyotime institute of Biotechnology) for 20 min. a confocal laser scanning microscope was used to image the stained cells. five random fields were analyzed per sample.
jc-1 staining was also used to detect alterations of mitochondrial transmembrane potential (ΛΨm). cells were collected, washed and suspended in jc-1 binding buffer (Beyotime institute of Biotechnology). jc-1 dye (1:100; Beyotime institute of Biotechnology) was added and the cells were incubated for 20 min at 37˚C in the dark, followed by washing 2 times with binding buffer. the cell suspensions were analyzed by flow cytometry.
Apoptosis analysis. cell apoptosis was determined by Annexin V-fluorescein 5-isothiocyanate (Annexin V-FITC) assay. H9c2 cells (1x10 7 cells in 100 µl) were collected, washed and suspended in annexin v binding buffer (Wanleibio co., ltd., Shanghai, china). fitc-conjugated annexin v and propidium iodide (Pi) (1:100; Wanleibio co., ltd.) were added to the binding buffer that contained suspended cells, both incubated for 15 min following the manufacturer's protocols. following incubation, the cells were analyzed by flow cytometry (moflotmXdP; Beckman coulter, co., fullerton, ca, uSa).
Cell proliferation assay. H9c2 cells were collected from the cultures and replated into a 96-well plate (1x10 5 cells/ml). the cells in the hypoxic group, the amPK activation group and the amPK inhibition group were treated as described above. cell proliferation was measured by cell counting Kit-8 (ccK-8; Wuhan Bioengineering institute, Wuhan, china) assays according to the manufacturer's protocols. Prior to reading the absorbance at 450 nm, 10 µl ccK-8 solution and 100 µl complete medium were sequentially added to each well.
Western blotting. H9c2 cells and myocardial samples were lysed in ice-cold lysis buffer (radioimmunoprecipitation assay), with a protease inhibitor (0.5 mm PmSf) (both Beyotime institute of Biotechnology) and phosphatase inhibitor (1 tablet/10ml; roche diagnostics GmbH, mannheim, Germany). the lysates were further centrifuged at 15,000 x g for 15 min at 4˚C. Proteins from the H9c2 cells and myocardial samples lysates were measured using the Bradford method. cell proteins (20 µg) were extracted with SdS lysis buffer and separated by 10% SdS-PaGe gel (both from Beyotime institute of Biotechnology). Subsequently, protein samples were transferred to 0.22-µm polyvinylidene difluoride membranes (roche diagnostics GmbH), which were blocked with 5% BSa for 1 h at room temperature, followed by incubation with primary antibodies at 4˚C overnight. the primary antibodies included the following: rabbit anti-mouse amPKα polyclonal antibody (1:1,000; #5831), rabbit ant-mouse p-amPKα polyclonal antibody (1:1,000; #2535) (both Sigma-aldrich; merck KGaa) and rabbit anti-mouse β-actin monoclonal antibody (1:1,000; bs-0061r; Bioss, Beijing, china). next, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:5,000; A0208) for 1 h at 37˚C and detected using an enhanced chemiluminescence kit (both from Beyotime institute of Biotechnology), and densitometry signals were quantified using imagequant tl software (General electric, co., Fairfield, CT, USA).
Statistical analysis. data from at least three independent experiments are expressed as the mean ± Sd. SPSS 16.0 software (SPSS, inc., chicago, il, uSa) was used for the statistical analysis. the difference in means between 2 groups was evaluated using Student's t-test, and one-way analysis of variance was used for comparisons between ≥2 groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Hypoxia increases mitochondrial biogenesis, ΛΨm loss and cell apoptosis in H9c2 cells. the epidemiological data of the patients is summarized in table i. Patients with cyanotic heart disease had significantly lower preoperative arterial oxygen saturation (Sao 2 ) than patients with acyanotic heart disease. comparing the cyanotic patients with the acyanotic patients, the relative mtdna/ndna ratio was found to be higher in the cyanotic group. Similarly, the ratio of H9c2 cells in the hypoxic group was higher than that in the H9c2 cells cultured under normoxic conditions. The copies of mtDNA Cyt were significantly increased in the cyanotic patients and the H9c2 cells of hypoxic group when compared with the acyanotic patients and the H9c2 cells of the normoxic group, respectively ( fig. 1a) . fluorescence microscopy was performed to detect ΛΨm in the cells cultivated under hypoxic and normoxic conditions. cells were co-stained with rhodamine 123 and mitotracker, and it was found that the transmembrane potential was decreased in hypoxic cardiomyocytes, as the co-localization of rhodamine 123 and mitotracker was decreased (fig. 1B) . moreover, after the cells were stained with jc-i, which more specifically reduces mitochondrial ΛΨm, the loss of ΛΨm was increased and the number of H9c2 cells with intact ΛΨm was reduced compared with the normoxic H9c2 cells (fig. 1c) . loss of the ΛΨm is a key step in the intrinsic apoptotic pathway (17) . therefore, the apoptosis of H9c2 cells was fig. 1d) . the ccK-8 assay showed that the proliferation of the H9c2 cells was significantly decreased in the hypoxic group compared with that in the normoxic group ( fig. 1e) . the results revealed that compared with that in acyanotic patients, mitochondrial biogenesis was upregulated in patients with cyanotic heart disease and in the H9c2 cells cultivated in the chronic hypoxic condition. in addition to the upregulated mitochondrial biogenesis, the loss of ΛΨm and the apoptosis of the cells were also significantly increased compared with the normoxic cells. these data suggested that chronic hypoxia promoted mitochondrial biogenesis and induced mitochondrial damage and cell apoptosis at the same time.
Hypoxia facilitates mitophagy. as the damaged and dysfunctional mitochondria increased in the H9c2 cells exposed to long periods of hypoxia, selective mitochondrial autophagy was detected in cells exposed to hypoxia. after staining the cells with antibody to lc3B and immunofluorescence assessment, it was found that lc3B rarely localized in the mitochondria, confirming the presence of selective mitochondrial autophagy, also known as mitophagy, in the cardiomyocytes. notably, the expression of lc3 was increased in the mitochondria when the H9c2 cells were subjected to long periods of hypoxia compared with that in cardiomyocytes cultured under normoxic conditions. moreover, when the cardiomyocytes were treated with chl, an inhibitor of autophagosome-lysosome fusion, the expression of lc3 in the mitochondria was significantly increased (Fig. 2) . These results suggested that mitophagosomes were increased in the figure 3. activation of amPK is critical for mitophagy under hypoxia. (a) immunoblot analysis indicated that the ratio of phosphorylated amPK expression to amPK expression in the myocardium of congenital heart disease patients was higher than that in patients with acyanotic heart disease ( * P<0.05 vs. normoxic group). (B) representative images of western blotting and summarized data showing that the ratio of phosphorylated amPK expression to amPK expression was higher in the hypoxic group compared with that in the normoxic group, and that the ratio was higher in the amPK activation group, which was treated with aicar (1 mm) ( * P<0.05 vs. normoxic group), and lower in the AMPK inhibition group, which was treated with compound C (10 µM) ( # P<0.05 vs. hypoxic group). (c and d) representative images of mitochondria tracker (red) and lc3 dots (green) in cells treated with or without chl (10 µm). arrows indicate lc3 puncta colocalized with mitochondria (scale bar, 20 µm). Quantification of the mitophagy level based on the LC3 dots (green) colocalized with mitochondria (red). The number of dots of green and red colocalization were significantly increased in the AMPK activation group and decreased in the AMPK inhibition group. (n=3; ** P<0.01 vs. control). p-AMPK, phosphorylated adenosine monophosphate-activated protein kinase; LC3, light chain 3; Chl, chloroquine.
H9c2 cells under hypoxic conditions and that the mitophagy was induced by chronic hypoxia.
Hypoxia induces the activation of AMPK, and inhibited AMPK activation decreases mitophagy in cardiomyocytes.
Since AMPK plays a significant role in maintaining intracellular homoeostasis during hypoxia, the present study first investigated the impact of chronic hypoxia on AMPK activation. As expected, western blotting results confirmed that the level of phosphorylation of amPK was increased in the ventricular myocardium of cyanotic patients and in the H9c2 cells cultured under hypoxic conditions ( fig. 3a and B) . to test further whether amPK was necessary in regulating mitophagy, the activation of amPK was determined following different treatments, including amPK activator aicar and amPK inhibitor compound c, and it was found that the level of phosphorylation of amPK was increased in the amPK activation group and decreased in the amPK inhibition group compared with that in the hypoxic control group (Fig. 3B) . Immunofluorescence showed that the AMPK activator increased the co-localization of lc3 dots (green) and mitochondria (red) in the chl-treated and untreated H9c2 cells, while the amPK inhibitor presented the opposite results ( fig. 3c and d) . these results demonstrated that the activity of amPK was increased in the myocardium of infants with cyanotic cardiac defects and in the H9c2 cells under hypoxia. in addition, mitophagy was promoted in the cells of the amPK activation group and suppressed in the amPK inhibition group, thereby suggesting that activation of amPK is a critical factor for mitophagy under chronic hypoxia.
AMPK activation contributes to mitochondrial quality control and promotes H9c2 cell survival. to determine whether amPK contributes to mitochondrial quality control and protects cardiomyocytes during chronic hypoxia, ΛΨm was detected using fluorescence microscopy following rhodamine 123 and mitotracker staining. compared with that of the hypoxic control group, the percentage of dysfunctional mitochondria was decreased in the amPK activation group, but increased in the amPK inhibition group (fig. 4a) . following the jc-1 staining, flow cytometry revealed that the number of H9c2 cells with reduced ΛΨm was decreased in the amPK activation group and increased in the amPK inhibition group compared with that of the hypoxic group ( fig. 4B ). the apoptosis of H9c2 cells was detected using flow cytometry following staining with annexin v-fitc in combination with Pi. it was observed that, compared with that in the control group, the ratio of early apoptotic cells was decreased following treatment of aicar, but increased following treatment with compound c (fig. 4c) . the proliferation of H9c2 cells that was detected by ccK-8 assay was increased by amPK activator, but decreased by amPK inhibitor (fig. 4d ). these data suggested that under chronic hypoxic conditions, activation of amPK contributed to the mitochondrial quality and has a protective role for cell survival.
Discussion
in the present study, mitophagy was found to be upregulated under hypoxic conditions, with amPK activity being increased accordingly. amPK played a critical role in the regulation of mitophagy under hypoxic conditions. mitochondrial function is key for maintaining cardiomyocyte function, and extensive mitochondrial damage can induce apoptosis via different pathways (18, 19) . mitochondria are dynamic organelles that have unique features, including their own genome and a maternal mode of germ line transmission (20) . to ensure the integrity of mitochondria and their dna, mitochondria undergo fusion-fission dynamics, organelle transport, genetic selection of functional genomes and mitochondrial autophagy or mitophagy (21) . mitochondrial fusion and fission allows exchange of mitochondrial components and segregation of terminally damaged mitochondria, to ensure more effective degradation of unwanted and damaged mitochondria by specific mitophagy (22) . Mitophagy not only recycles the components of the mitochondria, but also selectively eliminates the damaged mitochondria to regulate their quantity and quality (23) . This significantly contributes to cellular mitochondrial quality control and maintaining mitochondrial function, and even cell survival. in recent years, intensive studies on the regulation and function of amPK have indicated that amPK acts as a 'fuel gauge' in numerous types of cells. amPK is important in maintaining intracellular homoeostasis during many stressful challenges, including hypoxia, and regulates the roS/redox balance, cell proliferation, cell apoptosis, autophagy, mitochondrial function and genotoxic response (24) . it has been well established that amPK can regulate roS through the regulation of autophagy (25) . in the heart, amPK restores the adenosine triphosphate supply for cardiomyocytes and plays an important role in physiological states and stress conditions. a number of studies have indicated that amPK activation can protect cardiomyocytes and limit the damage from myocardial ischemic injury (26, 27) .
it has been demonstrated that hypoxia leads to mitochondrial damage and dysfunction, including decreased oxidative phosphorylation, released apoptogenic factors, such as cytochrome c oxidase, and increased roS regeneration (7, 28) . Hypoxia also triggers amPK activation to deal with stress challenge. the present study observations indicate that increased amPK activation could play a protective role in allowing cardiomyocytes to survive under chronic hypoxic stress by stimulating mitophagy, which ensures mitochondrial quality control.
under hypoxic conditions, hypoxia-inducible factor-1 is induced and mediates the induction of B-cell lymphoma 2 (Bcl-2)/adenovirus e1B 19 kda-interacting protein 3 (BniP3), which is usually described as a pro-apoptotic member of the Bcl-2 family that triggers selective mitochondrial autophagy (29) . moreover, it has been demonstrated that several mitophagy receptors, including BniP3, niX (also known as BniP3l) and mitochondrial outer membrane protein fun14 domain containing 1 cooperate with the Pten-induced putative kinase 1-Parkin pathway and play a significant role to fine-tune the mitophagy process (9) . A recent study indicated that endogenous dynamin-related protein 1 serves an important role in mediating mitochondrial autophagy in cardiomyocytes (30) . it is well known that a molecular mechanism for the regulation of mammalian autophagy involves unK-51-like kinase 1 (ulK1), the mammalian homolog of yeast protein kinase atg1. ulK1 induces autophagy by phosphorylating beclin 1 and activating vps34 lipid kinase (31) . amPK stimulates autophagy or mitophagy by directly activating ulK1 through phosphorylation of Ser317 and Ser777, and suppressing the mammalian target of rapamycin complex 1, which inhibits autophagy by preventing ulK1 activation by phosphorylation ulk1 Ser757 (32, 33) . in addition, another recent investigation indicated that the amPK-dependent phosphorylation of ulK1 regulates the translocation of ulK1 to the mitochondria to serve a critical role in the mitophagy response to hypoxic stress (34) .
in conclusion, chronic hypoxia induces the activation of amPK, which promotes selective mitophagy to maintain mitochondrial quality and quantity for the cell. the present study demonstrated that mitophagy induced by amPK activation may play a significant role in cardiac protection while cardiomyocytes undergo chronic hypoxia. this study provides a possible mechanism for metabolic adaptation and cardioprotection in response to chronic hypoxia; therefore, it is worthy of clinical exploration as a therapeutic strategy for heart disease caused by chronic hypoxia, including cyanotic heart disease, high-altitude heart disease and chronic cor pulmonale. the mechanism underlying amPK-mediated mitophagy requires future investigation.
